A hairpinlike structure is predicted to exist at the 5' end of equine infectious anemia virus (EIAV) RNA which is similar in many ways to the human immunodeficiency type 1 (HIV-1) Tat-responsive element (TAR). In EIAV, this structure has a shorter stem than in HIV-1 and lacks the uridine bulge. Primer extension analysis of EIAV RNA was used to identify the transcriptional start site in the viral long terminal repeat. Premature termination of primer elongation at the predicted double-stranded RNA region was frequently observed and suggests that the inferred hairpin structure exists under these conditions. We have functionally characterized EIAV TAR by site-directed mutagenesis and transient gene expression analysis. It is demonstrated here that the secondary structure of this element is essential for Tat action. Mutations that disrupted base pairing abolished TAR function, and compensatory mutations that restored the stem structure resulted in Tat activation. The TAR loop appears to be closed by two U. G base pairs that are likely to provide a unique structural motif recognized by the Tat protein. With one exception, substitutions of nucleotides within the EIAV loop sequence decreased TAR function. All nucleotide substitutions of the cytidine at position +14 increased EIAV Tat responsiveness; however, its deletion abolished trans activation. Our results lead us to propose that the EIAV and HIV-1 Tat systems employ closely related cis-and trans-acting components that probably act by the same mechanism.
A hairpinlike structure is predicted to exist at the 5' end of equine infectious anemia virus (EIAV) RNA which is similar in many ways to the human immunodeficiency type 1 (HIV-1) Tat-responsive element (TAR). In EIAV, this structure has a shorter stem than in HIV-1 and lacks the uridine bulge. Primer extension analysis of EIAV RNA was used to identify the transcriptional start site in the viral long terminal repeat. Premature termination of primer elongation at the predicted double-stranded RNA region was frequently observed and suggests that the inferred hairpin structure exists under these conditions. We have functionally characterized EIAV TAR by site-directed mutagenesis and transient gene expression analysis. It is demonstrated here that the secondary structure of this element is essential for Tat action. Mutations that disrupted base pairing abolished TAR function, and compensatory mutations that restored the stem structure resulted in Tat activation. The TAR loop appears to be closed by two U. G base pairs that are likely to provide a unique structural motif recognized by the Tat protein. With one exception, substitutions of nucleotides within the EIAV loop sequence decreased TAR function. All nucleotide substitutions of the cytidine at position +14 increased EIAV Tat responsiveness; however, its deletion abolished trans activation. Our results lead us to propose that the EIAV and HIV-1 Tat systems employ closely related cis-and trans-acting components that probably act by the same mechanism.
Equine infectious anemia virus (EIAV) is the etiologic agent of equine infectious anemia, a relapsing disease of horses characterized by recurrent episodes of clinical illness and progressive development of immune-mediated lesions (5) . EIAV belongs to the lentivirinae subfamily of retroviruses. The lentiviruses share similarities in genome organization, biologic properties, and the propensity for persistent infection in the natural host. The other members of this group include the human (HIV) and simian immunodeficiency viruses, visna virus, caprine arthritis-encephalitis virus, feline and bovine immunodeficiency-like viruses. Like the other lentiviruses, EIAV infects cells of the monocyte macrophage lineage (19) .
One striking feature of the lentivirus genome is the presence of several accessory genes in addition to gag, pol, and env (7, 27) . HIV has at least six additional genes located either between pol and env or at the 3' end of the genome, while the less complex genome of EIAV has three additional open reading frames arranged in a similar manner (10, 31, 36) . The replication of HIV-1 has been shown to be dependent on the expression of the trans-activator protein encoded by the tat gene of the virus (1, 35) . EIAV and primate lentivirus Tat proteins show two regions of highly conserved amino acid sequence (10, 36) ; these include a core region thought to be an essential part of the activation domain (4, 26, 33) and a basic region believed to be necessary for Tat-responsive element (TAR) RNA binding (4, 12, 34, 37) . The structural similarities between EIAV and HIV Tat proteins suggest that they act by similar mechanisms. It should be noted, however, that EIAV and HIV-1 Tat proteins will not activate the heterologous long terminal repeat (LTR) (10).
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HIV-1 Tat increases the steady-state levels of viral transcripts by interacting with the cis-acting TAR present at the 5' end of viral RNA (6, 17, 23, 28, 35) . It is likely that binding to TAR RNA positions Tat for subsequent interactions with the transcription apparatus. HIV-1 TAR assumes a stable stem-loop structure; mutagenesis studies have defined functionally important regions of this element for both trans activation in vivo and Tat binding in vitro (2, 3, 9, 13, 14, 17, 18, 32) . It has been shown that HIV-1 Tat binds specifically to a part of the double-stranded stem that contains a bulge of unpaired uridines (8, 29, 39) . However, mutations in the loop that had no effect on Tat binding in vitro (29, 30, 39 ) reduced trans activation in vivo (3, 13, 14) . Thus, cellular factors may be involved in Tat-mediated trans activation, and nuclear factors that bind specifically to TAR RNA have been identified (15, 16, 21) . The roles of cellular TAR-binding proteins remain to be defined.
It has been shown that sequences downstream of the RNA start site are necessary for EIAV transactivation (11) and that the 5' end of EIAV RNA can be folded to form a stemloop structure similar in some respects to the TAR of primate lentiviruses. The structural similarities of EIAV and HIV Tat proteins combined with the observation that their cis-acting elements also share relevant features provide the basis for our proposal that the mechanism of Tat action is similar in EIAV and HIV-1. We have characterized EIAV TAR by mutagenesis of individual bases and by substitution of clusters of nucleotides within the LTR. The mutated LTRs were coupled to the bacterial chloramphenicol acetyltransferase (cat) gene, and their transcriptional activities were tested in transiently transfected cells. These studies indicated that EIAV TAR is a structured RNA element; the secondary structure of the stem, unique U G base pairs adjacent to the loop, and specific nucleotides within the loop are critical determinants of Tat-mediated trans activation.
We conclude that despite their great divergence, HIV and EIAV appear to have similar mechanisms of gene regulation.
MATERIALS AND METHODS
Plasmids. Plasmids pRS-Etat-M, pRSPA, pUX-E478 (parental EIAV LTR), and pUXCAT used in these experiments have been previously described (10, 11 Oligonucleotide-directed mutagenesis. pE-12C-A and pE-17G-U were obtained by oligonucleotide-directed mutagenesis. pKS-E-LTR was used to transform the bacterial strain CJ236 (Bio-Rad), and single-stranded DNA was produced by superinfection with the helper phage VCSM13 (Stratagene). Single-stranded DNA was isolated and purified, and secondstrand synthesis was performed essentially as described previously (20) , using the oligonucleotides 5'-CAGATTA TGCGGTCTGA-3' and 5'-CAGATTCTGCGTTCTGA-3', containing the underlined single point mutations as primers. The double-stranded reaction products were isolated and used to transform the bacterial strain JM101. Mutants were characterized by dideoxynucleotide sequencing. The mutated plasmids pKS-12C-A and pKS-17G-U were digested with HindIll; the LTR-containing fragments were purified by polyacrylamide gel electrophoresis and ligated into the HindIll restriction site of pUXCAT.
Primer-directed mutagenesis by in vitro amplification of EIAV LTR fragments. pE-14G-C, pE-16G-A, and pE-10,11UU were obtained by in vitro amplification of the EIAV LTR R region, using a mutagenic oligonucleotide primer and ligating this to a U3 region fragment. pKS-E-LTR was digested with PvuII prior to amplification. The R regions were amplified by using the 5 The amplified products were purified by polyacrylamide gel electrophoresis and cloned into pUXCAT (previously cut with SmaI and HindIII). The U3 region was amplified by using the reaction conditions described above. The reverse sequencing primer served as the 5' primer, and the 3' primer was the U3 region-specific oligonucleotide 3'-GTGTTG TATTCTGACAATT-5'. The U3 region amplification product was digested with HindIlI and ligated to the R-region plasmids that had been cut with SmaI, thus fusing the blunt ends of the R and U3 regions. As these LTRs were cloned into the SmaI site of pUXCAT, they have at their 3' ends 32 nucleotides from the polylinker not present in other constructs.
The remainder of the constructs were obtained by joining independently amplified U3 and R regions by overlap amplification prior to cloning into pUXCAT. pKS-E-LTR was digested with PvuII prior to amplification. pE-Stem(+ 19/ +24) was made by first amplifying the U3 region, using the reverse-sequencing primer and an EIAV LTR primer, 3'-CCCGTGAGTCTAAGACGCCA-5'. The R region was amplified by using a primer pair consisting of the vectorcomplementary sequencing primer and an EIAV primer containing a six-nucleotide alteration, 5'-ATTCTGCGGT TCAGACCCCTTCTCTGCTGG-3'. The two EIAV primers possess 11 complementary bases at their 5' ends. The products of the two amplification reactions were gel purified, mixed, and amplified by using the vector-targeted sequencing and reverse-sequencing primer pair. The polymerase chain reaction mixture was subjected to 1 cycle of 94°C for 5 min, 30°C for 1 min, and 55°C for 30 min; 30 cycles of 94°C for 0.5 min, 50°C for 1 min, and 72°C for 2 min; and 1 cycle of 72°C for 10 min. Thus, the entire LTR with six-nucleotide internal mutations was regenerated by overlap amplification. This product was digested with HindIII, gel purified, and ligated to pUXCAT. pE-Stem(+3/+8-+19/+24) was made in a similar manner; the upstream region was amplified by using reverse sequencing primer and an oligonucleotide, 3'-AGACTGTTAACCCGCAGACITAAGACGCCA-5', that introduces a six-base alteration in the LTR. The product of this reaction was gel purified and combined with the product of the R-region amplification used to generate pE-Stem(+ 19/ +24); these plasmids were amplified by using the sequencing and reverse-sequencing primers and cloned as before.
The remaining plasmids with single mutations in the proposed loop region, pE-1OU-G, pE-11U-G, pE-10,11GG, pE-17-A-18, pE-13U-A, pE-15C-U, pE-15C-G, pE-15C-A, and pE-15C-O, were also made by overlap amplification. For all of these plasmids, the upstream region was amplified by using the reverse-sequencing primer and the oligonucleotide 3'-CTGTTAACCCGTGAGTCT-5'. The R regions were amplified by using the sequencing primer and an EIAV primer such as 5'-GGGCACTCAGATTCTG£GGTCTGAGTC-3' that contains the single base alteration and 11 bases complementary to the upstream fragment. The two amplified products were combined and amplified by using the two vectortargeted primers. The LTR-containing fragments were gel purified, cut with HindIII, and ligated into pUXCAT polylinker. All plasmids were banded twice in CsCl density gradients. Two independent clones of each plasmid were used in transfections. All plasmids were confirmed by double-stranded dideoxynucleotide sequencing. The aqueous phase was ethanol precipitated, and the dried pellet was dissolved in loading buffer. After denaturation at 90°C for 5 min, the products were separated by electrophoresis on a 6% polyacrylamide-7 M urea sequencing gel. RESULTS Proposed secondary structure of EIAV TAR. Our initial working hypothesis was that the EIAV Tat protein mediates trans activation via a cis-acting TAR in the form of an RNA stem-loop structure. It was previously shown that sequences downstream of the RNA start site are required for EIAV Tat activation (11) , and computer-assisted folding revealed that nucleotides + 1 to +25 of EIAV RNA can form a stem-loop structure (Fig. 1) . This structure is similar to but distinct from the structures present in HIV-1 and other primate lentiviruses (Fig. 1) . EIAV TAR consists of nucleotides + 1 to +25 and is considerably smaller than that of HIV-1, which contains bases spanning a region from +1 to +60. However, it is interesting to note that the minimal biologically active part of HIV-1 TAR is contained between positions +18 and +44 (14) , similar in size to EIAV TAR. Although the hairpinlike structures of EIAV and HIV-1 TARs are similar, the unpaired pyrimidine bulge in the stem of HIV-1 TAR is absent from the stem of EIAV TAR. The two uridines present in EIAV TAR at positions +10 and +11 probably base pair with the two guanosines at positions + 16 and + 17 (25) to close the four-base loop.
To test our hypothesis directly, we constructed a series of EIAV LTR mutations that specifically disrupted the proposed stem structure or altered bases within the loop. Most of the mutations were introduced into the EIAV LTR by primer-directed mutagenesis using the polymerase chain reaction. These LTRs were linked to the cat gene and were tested for promoter activity in transient expression assays in D17 cells transfected with or without the EIAV tat expression plasmid (pRS-Etat-M). At 44 h after transfection, the cells were harvested and cell lysates were assayed for either CAT enzyme activity or CAT mRNA.
CAT activity directed by the mutated EIAV LTRs. enzyme activity are graphically summarized in Fig. 3 . In the absence of EIAV Tat, the wild-type and mutated LTRs directed comparable levels of CAT activity (data not shown). The wild-type EIAV LTR was activated approximately 40 times by the addition of EIAV Tat (Fig. 3) .
To examine the biologic significance of the putative secondary structure, we introduced a clustered mutation that disrupts potential base pairing. The plasmid, pE-Stem(+19/ +24), had a six-nucleotide alteration within the predicted stem between positions +19 and +24 (Fig. 2 ) and failed to respond to EIAV Tat trans activation. Base pairing was restored in pE-Stem(+3/+8-+19/+24) by introducing a complementary sequence which replaced the six nucleotides between positions +3 and +8 ( Fig. 2A) . This compensatory mutation restored trans activation; interestingly, CAT activity was higher than that of the wild-type LTR (Fig. 3) . These results show that the presence of a secondary structure, but not the primary sequence in this region, is essential for EIAV Tat-mediated trans activation.
To assess the importance of the two U G base pairs at the base of the EIAV TAR loop, we made the alterations presented in Fig. 2B . Tat responsiveness of pE-10,11UU, in which the two uridines were deleted, was almost completely abolished (Fig. 3) . Likewise, substitution of the two uridines with guanines in pE-10,11-GG, such that U -G base pairs were abolished but the spacing was preserved, severely reduced TAR function. This result demonstrated that the two uridines are essential for Tat-mediated trans activation. Substitution of the uridine at position +11 alone, as in pE-11U-G, actually increased TAR function compared with the wild type. Thus, a single U -G base pair at the base of the loop appears to be sufficient for TAR recognition. Construct pE-17-A-18 has an additional adenosine inserted between positions +17 and +18 and may form a base pair
[MG Ug activities of the various constructs were assayed by measuring CAT enzyme levels (11, 24) . Tat-mediated trans activation, as percentages of wild-type LTR activity determined by CAT assay, are shown in parentheses.
with the uridine at position + 10 to generate a TAR structure as shown in Fig. 2B ; it is possible that the three-nucleotide loop shown is not stable and may actually be a five-base loop with a U G pair at its base. This plasmid also showed higher levels of CAT activity than did the wild type (Fig. 3) . The U G base pair between positions + 10 and + 17 was abolished in plasmids pE-1OU-G and pE-17G-U; the remaining U G base pair is not adjacent to the helical stem and does not close the loop in these constructs. Both of these plasmids retained only limited activity (Fig. 2B and Fig. 3) . Finally, in plasmid pE-16G-A, the U G base pair that normally closes the loop was replaced with a U A base pair. The resulting decrease in TAR activity to 32% of wild-type levels may be attributed to the location of the remaining U G base pair within the helical stem. In sum, these data suggest that a U G base pair at the base of the loop is an essential feature for EIAV TAR function. The precise nucleotide requirements at these positions and their role in Tat-mediated trans activation await the physical analysis of TAR structures and results of in vitro Tat-binding studies.
We next altered individual nucleotides within the remainder of the EIAV loop (Fig. 2C) . The pyrimidines at positions + 12(C) and + 13(U) were each replaced with adenosine. The resultant constructs, pE-12C-A and pE-13U-A, showed trans-activation efficiencies of 69 and 64%, respectively, compared with the wild type. Substitution of the guanosine at position + 14 by cytidine, pE-14G-C, resulted in a drastic reduction of trans activation to 8% of wild-type levels. Substitution of the cytidine at position +15 with a uridine, construct pE-15C-U, resulted in an increased TAR function, yielding 187% trans-activation efficiency. We then exchanged this cytidine with purines to generate pE-15C-A and pE-15C-G, which gave trans-activation efficiencies of 141 and 117%, respectively. An LTR in which this cytidine was deleted, pE-15C-O, failed to respond to Tat (Fig. 3) . Our interpretation of these data is that position +15 must be occupied, by any base, to provide the proper spatial arrangement of adjacent bases or to stabilize the loop structure.
RNA analysis by primer extension. To determine whether the CAT activities directed by the EIAV TAR constructs described in the preceding section correlated with levels of CAT mRNA and to ensure that these mutations would not alter the transcription start site, CAT mRNA was examined by primer extension. D17 cells were transfected with the mutated CAT plasmids in combination with EIAV Tat; in addition, all transfections included pRSV-CAT as an internal control. Total cytoplasmic RNA was prepared from transiently transfected cells and reverse transcribed with an oligonucleotide primer complementary to CAT sequences. The products of these reactions are predicted to be DNAs of 87 bp for pRSVCAT and 174 bp for the EIAV-CAT plasmids (plasmids pE-14G-C, pE-16G-A, and pE-10,11UU should yield products of about 206 bp due to additional polylinker sequences between the LTR and the cat gene).
An autoradiogram of the sequencing gel used to resolve the primer extension reaction products is shown in Fig. 4 . The four lanes at the far left show dideoxy-sequencing reactions of pUX-E478 using the CAT primer. The next two lanes show the primer extension reaction products of CAT mRNAs from cells transfected with pUX-E478 and pRSPA (uninduced) or pRS-Etat-M. Tat expression caused a large increase in the amount of EIAV transcription, as seen by the uppermost band that corresponds to the primer extension product of CAT mRNA directed by EIAV LTR. The size of this band precisely identifies the EIAV transcription start site. A 150-nucleotide band whose size corresponds to VOL. 65, 1991 B.
(3.0%) A radioactively labeled oligonucleotide complementary to the 5' end of the cat gene was used for primer extension analysis on total cytoplasmic RNA from transfected D17 cells. Reaction products were resolved on a 6% polyacrylamide-7 M urea sequencing gel and visualized by autoradiography; a gap in the center of the autoradiogram has been removed, and the two sides were joined for this figure. D17 cells were cotransfected with pRSV-CAT and EIAV LTR CAT plasmids (indicated on top) in the absence (-) or presence (+) of a Tat expression plasmid. The same radiolabeled primer was used in dideoxynucleotide sequencing reactions on pUX-E478 (lanes A, T, C, and G) and run in parallel. The uppermost arrow at the far right indicates the major primer extension product with an expected size of 174 bases; the middle arrow indicates a band consistent with a pause in reverse transcription at position +25; the lower arrow indicates the product directed by the Rous sarcoma virus promoter used as an internal control. pE-10,11UU, pE-14G-C, and pE-16G-U have 32 nucleotides of polylinker between the LTR and cat and thus produce an expected fragment of 206 bases. The printed sequence at the extreme left corresponds to the portion of the gel that spans the RNA start site (+1) and the end of the double-stranded stem (+25).
termination of primer elongation at the base of the stem (position +25) was also observed in most reactions and may result from reverse transcriptase pausing at this doublestranded region. This provides physical evidence in support of the proposed stem structure. The lowest band present in all lanes represents the CAT mRNA transcript from the Rous sarcoma virus promoter used as an internal control of transfection efficiency, RNA isolation, and primer extension.
The remaining lanes show the primer extension products of CAT mRNA directed by the mutated LTRs and demonstrate that mutations introduced into EIAV TAR affected the steady-state levels of CAT mRNA. The increased CAT activities observed with pE-15C-U, pE-15C-G, pE-15C-A, pE-17-A-18, and pE-11U-G (Fig. 3 ) correlated with increased amounts of CAT mRNA (Fig. 4) . Similarly, pE-12C-A, pE-13U-A, pE-16G-A, and pE-17G-U showed reduced CAT activities (Fig. 3) and proportional reductions in CAT mRNA (Fig. 4) . Alterations at position +14 (pE-14G-C), deletion of the two uridines present at the beginning of the loop (pE-10,11UU), and disruption of the stem (pEStem+19/+24) were shown to be deleterious by CAT enzyme assays (Fig. 3) . These plasmids were capable of supporting levels of transcription that were only slightly higher than the basal level (Fig. 4) . These data indicate that the levels of mRNA directed by EIAV LTRs were proportional to the observed CAT enzyme activities and that EIAV Tat acts through TAR to increase steady-state levels of viral RNA.
DISCUSSION
The EIAV LTR region between -31 and +22 (with respect to the RNA start site) was shown previously to contain the cis-acting TAR (11) . Moreover, we have observed that a composite LTR, containing the HIV-1 U3 region joined at the RNA start site to the EIAV R region, was specifically trans activated by EIAV Tat (4), indicating that the EIAV LTR region from +1 to +22 must contain a functional EIAV TAR. This region contains two inverted repeats, and hence the RNA transcript can assume a hairpin structure (Fig. 1) . It has been shown that HIV-1 and other primate lentiviruses possess similar secondary structures at the 5' ends of their RNAs which function as TARs (2, 13, 14, 17, 18, 32) . In EIAV RNA, this proposed structure has a shorter stem, lacks the uridine bulge, and has a loop with four nucleotides rather than the six observed in the primate lentivirus TAR elements. Primer extension analysis identified the position of the EIAV RNA start site and revealed that all mutated LTRs initiated transcription at this site. Furthermore, a second band was observed in the primer extension reactions that is consistent with premature termination of reverse transcription at the putative stem, thus providing physical evidence for the proposed hairpin structure. CAT enzyme levels were proportional to mRNA levels, and Tat-mediated trans activation was accompanied by increases in steady-state levels of mRNA.
The biological importance of the EIAV stem structure was established by the observations that clustered mutations that disrupted this structure abolished the Tat-mediated trans activation and compensatory mutations that restored the base pairing also recovered the response to Tat. Previous deletion analysis of the EIAV LTR revealed that a construct lacking sequences from position +23 to the 3' end of the LTR was still trans activated (11) . This LTR would produce only a 4-bp stem, suggesting that the secondary structure in the upper portion of EIAV stem makes the major contribution to trans activation. This observation is similar to that reported for HIV-1, in which disruption of base pairing in the upper portion of the HIV-1 stem was shown to abolish responsiveness to Tat, but LTRs altered downstream of position +45 were fully Tat inducible (14, 17, 32) . Thus, the biological function of the EIAV stem seems to rely on a stretch of 4 bp, making EIAV TAR the smallest TAR yet reported for lentiviruses. Interestingly this 4-bp stem is homologous to the 4 bp present downstream of the HIV-1 bulge and comprises the minimal lower portion of the stem required for Tat activation. Construct pE-Stem(+3/ +8-+19/+24) presents a stem with an altered primary sequence and showed a Tat response that was greater than wild type. Curiously, HIV-1 TARs with altered primary sequences, but not secondary structures, in the 4-bp stretch cited above exhibited different levels of Tat responsiveness (14, 32) . Most of the alterations decreased TAR function (14, 32) , but one that contained a mismatched base pair showed 180% of wild-type activity (14) . In addition, the in vitro binding affinity of HIV-1 Tat protein for a TAR RNA fragment containing an altered sequence in this stretch was reduced (29) . While it is apparent that the secondary structure of this part of the stem is critical, the role of the primary sequence is less clear. The conservation of these bases downstream of the U G base pairs in EIAV or a bulge in HIV-1 may reflect a significant common role in Tat activation. A detailed mutagenesis analysis in this region combined with in vitro binding studies should reveal its contribution to Tat activation.
We have represented the EIAV TAR structure as a four-base loop that is closed by two U G base pairs. Thermodynamic analyses have indicated that a U G pair is about as stable as a U A pair in the A-form helix of RNA (25) . However, the geometry of the U G pair is different than that of a U -A pair and changes the local structure of the RNA helix; in the non-Watson-Crick base pair, the purine and pyrimidine are shifted toward the minor and major grooves, respectively (25) . The mutagenesis studies presented here indicated that the U G pairs that close the EIAV TAR loop are essential for trans activation and that a single pair at the base of the loop is sufficient. EIAV TAR lacks the bulge structure that is present in the stem of HIV-1 TAR; the unpaired uridines in this bulge provide a unique three-dimensional structure that is bound by the HIV-1 Tat protein (3, 8, 29, 30, 39) . We suggest that the non-WatsonCrick, U. G pairs in EIAV TAR are the functional counterpart of the bulge structure in HIV-1 TAR. The U-G pairs adjacent to a loop may provide a distinctive conformation that is recognized by EIAV Tat. By analogy, the helical irregularity associated with a U G pair in the acceptor stem of tRNAAla was shown to confer acceptor identity by its cognate aminoacylating enzyme (22) .
The EIAV TAR loop sequence (positions +12 to +17) consists of the sequence CUGC. The individual nucleotide substitutions of this sequence (Fig. 2C) demonstrated that the relative contribution of each is not uniform for Tat activation. Mutations in the cytidine and uridine at positions +12 and +13, respectively, showed modest effects on TAR function. The + 14 guanosine residue is the most critical position, exhibiting a deleterious phenotype when altered. The cytidine at position + 15 is unique; all of the substitutions at this position resulted in increased levels of gene expression. The magnitude of the effect was dependent on the identity of the replacement base; substitution of cytidine with uridine resulted in the highest trans activation (187% of the wild-type level). Deletion of this cytidine abolished activity, indicating the structural importance of this position. It is unclear at present whether the alterations of loop nucleotides affected TAR function by influencing loop structure and stability or because direct contacts with Tat were altered. While it has been suggested that HIV-1 TAR may contain binding sites for both Tat and cellular proteins (8, 15, 16, 21, 29) , it would appear that the small size of EIAV TAR would preclude binding by other proteins in addition to Tat.
We conclude that the secondary structure of the stem, the presence of at least one U G base pair at the base of the loop, and the specific nucleotide identity of the loop comprise a complex set of requirements for efficient EIAV Tat-mediated trans activation. Primate lentivirus and EIAV Tat proteins share structural similarities and utilize an RNA TAR located downstream of the transcription initiation site. In addition, EIAV and HIV-1 TARs were shown to be structurally and functionally similar. Thus, we suggest that these two systems have similar mechanisms of Tat function. Although specific proteins are involved in the Tat-mediated trans activation in each system, the relative simplicity of EIAV may facilitate the understanding of the basic mechanism.
